Abstract-This paper addresses the de-embedding of the propagation function of waveguides from the scattering responses of setups composed of TEM waguides terminated by launchers that introduce generic discontinuities. The de-embedding is aimed at estimating the permittivity of dielectric samples from the scattering responses of waveguides including the samples. The de-embedding is based on the double-delay method [2], that is applied to setups involving different launchers. A modified version of the method is also proposed to facilitate the measurement process.
I. INTRODUCTION
An important method to estimate the permittivity of dielectric materials amounts to measuring the scattering responses of a TEM waveguide filled by the dielectric to be characterized and to inverting the scattering responses for the unknown permittivity. In a uniform TEM waveguide the relation between the permittivity of the filling dielectric and the propagation function is simple, and the resulting inversion problem is readily solved. This approach is exploited in many applications where the estimation of the permittivity over wide frequency bands is required, as in the characterization of dielectric materials for electronics packaging and in the measurement of the permittivity of soils in soil science.
In order to connect a uniform TEM waveguide to a Vector Network Analyzer (VNA), however, the waveguide must be completed by suitable launchers at its ends. Depending on the specific application, the launchers can be a significant discontinuity, and can lead to a transmission response of the composite system waveguide plus launchers that is different from the propagation function of the waveguide alone. The problem then becomes how to eliminate the effects of launchers from the scattering responses of the waveguide and its launchers, obtaining the transmission response of the waveguide.
The most common method to estimate the propagation function of a waveguide from the scattering responses of a sample of the waveguide is the Nicolson-Ross method [1] . This method yields the expression of the waveguide propagation factor as a function of the measured reflection and transmission scattering responses. Unfortunately, this method describes the launchers as ideal impedance discontinuities occurring between the characteristic impedance of the cables
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Dip. Scienza Materiali Politecnico di Torino C. Duca degli Abruzzi 24 10129 Torino, Italy Email: francesco.marino@polito.it of the VNA and the characteristic impedance of the waveguide under test. In many practical cases this assumption does not hold, because a field matching process takes place at the junction between the launchers and the waveguide. Setups composed of planar waveguides (i.e., microstripes or striplines structures) connected to the VNA via coaxial connectors, and large diameter coaxial probes like those used for soil measurements are examples involving reactive contributions from the launchers.
The problem at hand is a particular case of the general deembedding problem occurring in microwave, when the effects of the launchers used to connect an n-port element to a VNA must be eliminated from the measured scattering responses. For this problem, several de-embedding method have been developed, e.g., see [2] and [3] . A comparison of some deembedding methods is in [4] . The double-delay method of [2], in particular, seems well suited to the de-embedding of the propagation function of a waveguide terminated by arbitrary launchers.
In this paper, we experiment with the double-delay method, with the aim of estimating dielectric permittivities from the measured scattering responses of waveguides. The method is applied to different setups involving arbitrary launchers and its ability to de-embed the effect of the launchers and to lead to correct estimates of the dielectric permittivity is verified.
II. DE-EMBEDDING OF WAVEGUIDE RESPONSES
The double-delay method of [2] that we use in this study is based on the scattering responses of a pair of test structures composed of a segment of the waveguide being characterized and its launchers. The two test structures must differ for the length of the waveguide segment only. Furthermore, the shortest waveguide segment must be long enough to guarantee that a pure TEM propagation takes place for a part of the segment. In contrast, the left and right launcher can be different, i.e., no longitudinal symmetry is required.
Let fa < fb be the lengths of the two waveguide segments, and Sta and Stb, the transmission scattering matrices of the 978-1-4244-4665-0/09/$25.00 ©2009 IEEE
where D is the diagonal matrix of the propagation functions. Besides, the Nicolson-Ross method assumes as launcher a pure impedance discontinuity, i.e.,
In contrast, if this symmetry condition does not hold, then X and D are related by where Yo and Yare the characteristic admittance of the measurement system and of the waveguide segment, respectively. This matrix and its inverse are invariant for rows and columns permutations, i.e., PX-I P = X-I. In this case, therefore, the propagation functions are the eigenvalues of Sta and the Nicolson-Ross method amounts to estimating the waveguide propagation function as the eigenvalues of the transmission scattering matrix of the setup Figure 2 shows the scattering parameters of the structure of this problem for two cases: 0 1 = O 2 = 0, i.e., pure impedance discontinuity at the waveguide-VNA interface, (dotted lines), and 0 1 = 1 pF and O 2 = 2 pF (solid lines). The capacitors are a simple way to simulate the effects of possible reactive fields at waveguide-VNA interface. The large difference between the dotted and solid curves suggests that a de-embedding approach based on a pure impedance discontinuity (i.e., the Nicolson-Ross method) is likely to fail for these problems. The difference between the phases of the transmission scattering responses (Fig. 2 bottom panel) is particularly significant, because the phase of the transmission response is closely T is the line delay.
( 1) setup with the fa and fb segment, respectively, then
where X, and X 2 are the transmission scattering matrices of the left and right launchers, respectively, s is the Laplace variable and exp{ + ')'(s)z} is the propagation function of the waveguide for a propagation distance z, ')'(s) being the propagation constant. In the above equation, the diagonal matrices represent the transmission scattering matrices of the two waveguide segments, which implies that the reference impedances for the waguide ports coincide with the waveguide characteristic impedance. The matrices Sta and Stb can be obtained from the scattering matrices of the two test structures, whereas Xl, X 2 and the propagation function are the unknowns of the problem. Of course, the reference impedances of the wave variables at the launcher ports are the VNA calibration impedance and the waveguide characteristic impedance The latter, therefore, is a supplemental unknown of the problem. When X 2 is computed from the first equation of (1) and replaced into the second one, the following eigenvalue equation for X, arises
}. An analogous equation holds for X 2 .
For every frequency value, the measured scattering matrices yields six independent parameters (three for each test structure), whereas the unknowns of the problem are the six scattering parameters of the launchers, and the propagation function and the characteristic impedance of the waveguide. The measured data, therefore, do not allow a complete deembedding of the waveguide responses (e.g., see also [2] , [5] ). For the inversion problem at hand, however, the eigenvalues of (2) are the samples of the propagation function and, provided the relation between ')'(s) and the dielectric permittivity is known, they allow to compute the unknown permittivity.
In order to compare the estimation of the propagation function via the double-delay method with the Nicolson-Ross method [1] , it is expedient to formulate the latter in terms of transmission scattering matrices. The Nicolson-Ross method uses the scattering responses of one setup only (e.g., the one with the fa long waveguide), that must be symmetric. The transmission scattering matrix of the measured responses, therefore, is
where X is the transmission scattering matrix of the left launcher and
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The estimation via the double-delay method works well for symmetric and asymmetric launchers and for fairly arbitrary launcher responses, provided the launchers bandwidth is compatible with the bandwidth of the estimation problem. De-embedding, in fact, cannot overcome the reduction of the signal-to-noise ratio occurring when the launchers have a sever low-pass effect. As an example, if C 1 and C 2 values are increased enough to produce a significant low-pass effect in the measurement bandwidth, then the estimation of the propagation function becomes affected by large noise in the high-frequency region.
In order to test what happens when the Nicolson-Ross method is applied to a problem where launchers do not behave as pure impedance discontinuities, we consider the setup of Fig. I with C 1 = C 2 = 0.5 pF. In this case, the transmission scattering matrices of the waveguide-VNA junctions does not have the symmetry required by (7) (that is equivalent to the original Nicolson-Ross equations) and its solution leads to wrong results. In particular, for this problem, there are bandwidths where the solution of (7) violate the lossless condition and has no physical meaning. This is a consequence of assuming models of junctions (pure impedance discontinuities) that are not consistent with their actual behavior.
For this problem, the phase of the propagation function obtained from the solution of (7) is shown in Fig. 4 along with the exact phase and the phase of the transmission scattering response of the setup. Where it exists, the estimation of the Nicolson-Ross method (black dots) traces the phase of the scattering transmission responses, affected by the capacitors contributions, and not the actual phase response of the transmission line. Besides, the existence domain of the solution reduces as the capacitance value is increased, making the method not appropriate to problems where capacitive launcher effects take place. frequency GHz For the C 1 = 1 pF and C2 = 2 pF case, the propagation function of the ideal transmission line is obtained via the double-delay method by solving (2) with the Sta and Stb matrices corresponding to T = 0.3 ns and T = 0.6 ns, respectively. In order to simulate the effect of the measurement noise, the transmission scattering matrices involved in (2) are computed from the scattering matrices of the virtual problem after perturbing their samples with additive gaussian noise. The results of this estimation process are shown in Fig. 3 , where the exact and calculated phase of the estimated propagation function are shown along with the estimated waveguide delay normalized to its exact value. The ability of the method to de-embed the propagation function from the scattering responses of the overall structure and the low sensitivity to the measurement noise can be appreciated. The larger noise sensitivity of the estimated delay in the low-frequency range is inherent in the estimation method. In fact, for vanishing frequency the phase rotation of the propagation function tends to zero so that the delay arise from the ratio of two small numbers. 
A. Permittivity of an FR4 board
A standard procedure to measure the permittivity of a Printed Circuit Board (PCB) is to add a test trace to the design and to estimate the unknown permittivity from the transmission scattering response of the trace. Usually the trace is connected to the VNA via SMA connectors, lead ing to the de-embedding problem addressed here.
For this test , we use a PCB containing two microstrip traces that are 1.5 inch and 3 inch long. The traces have w / h = 2 and are terminated by SMA connectors. The setup used is shown in Fig. 5 and the scattering parameters measured for its short trace structure are shown in Fig . 6 . It is ought to remark the similarity of these responses to the responses of the virtual problem with capacitive junctions shown in Fig . 2 . When the double-delay method is applied to the scattering parameters and the estimated propagation function is inverted, the relative permittivity of Fig. 7 results. This estimation leads to a high frequency real part of the relative permittivity value equal to 4.25, that coincides with the nominal value of the material used, and to tan J = 0.023, that is the value expected for FR4. The estimated curves are pretty smooth and free of noise also in the high-frequency part of the measurement, that extends up to 8.5 GHz. It is also worth not icing that the loss parameter, that is very sensitive, is estimated correctly.
IV. ApPLICATION EXAMPLES
In order to verify the performance of the double-delay method on real measurement problems, we apply it to the estimation of the permittivity of an FR4 board and of a sample of polyammidic resin included in a coaxial waveguide. 
B. Permittivity of a polyammidic resins
The permittivity of resins is often obtained by filling with them a coaxial waveguide and by measuring the scattering responses of the filled waveguide. In order to avoid the need for two dielectric samples of different lengths and for two coaxial wavegides, we use a modified version of the doubledelay method. Our technique is based on the setup of Fig . 9 . In this setup, a calibrated coaxial airline, in which a cylindrical sample of the dielectric under test can be introduced, is fed via two identical APC7-SMA connectors. frequency GHz The estimation technique exploits the scattering responses of the empty airline and of the airline with a short cylindrical sample in its center (see Fig. 9 ). The transmission scattering response of the empty airline is 
exp{+s£jc} is the transmission scattering matrix of the airline, c being the light speed and £ the length of the airline (see Fig. 9 ). Similarly, the transmission scattering response of the airline with the cylindrical dielectric sample can be written as
where v is the matrix of the eigenvectors of (15) and n is an unknown diagonal normalization matrix. Unfortunately, the knowledge of Ste is not sufficient to compute n and then to identify X completely. However, equation
(16) can be used to compute the transmission scattering matrix of the setup with the empty airline for an arbitrary length of the airline, because in such computation n does not contribute, e.g., in where D(d) is the transmission scattering matrix of the empty airline parts that trail and lead the dielectric sample, g is the 
relative permittivity, real and imag parts
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ig. 11. Real (upper curve) and imaginary (lower curve) parts of the relative permittivity estimated from the scattering responses of Fig. 10 via the doubledelay method modified as proposed in this paper.
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In summary, the modified double-delay estimation can be outlined as follows (i) measure St e and s,
(ii) solve (15), compute X = vu"! and St v via (17) (iii) compute V by solving the eigenvalue equation (19) We test this technique on a polyammidic resin sample with d; = 20mm and the setup of Fig. 9 . The sample has been built to closely fit the coaxial structure and to have end surfaces orthogonal to the axis of the structure. The magnitude of the scattering responses measured for the empty airline and the airline with the dielectric sample are shown in Fig. 10 . The distortion effects of the connectors can be clearly appreciated. The application of the proposed estimation technique to these measured data leads to the permittivity curves shown in Fig. 11 . Again the double-delay approach is able to detect the real part of the permittivity and leads to a real part of the permittivity that is close to the value expected for our polyammidic dielectric sample. 
V. CONCLUSION
The estimation of permittivity from the scattering responses of setups composed of a uniform waveguide and its launchers has been addressed by means of the double-delay method. When the launchers do not behave as pure characteristic impedance discontinuities, the estimation of the waveguide propagation function of the waveguide via the Nicolson-Ross equation can lead to large errors and unphysical solutions. In contrast, the double-delay approach allows to handle launchers
